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Abstract: Melittin peptides canying 2,4-dinitro-6-carboxyphenyl (Dncp) haptenic groups regularly evoked anti- 
hapten IgG responses in mice or guinea pigs when the hapten was c-terminally attached. Single haptens on 
the N-terminal helix in several positions gave poor or no responses in the early stages but adequate titres after 
prolonged immunization. Peptides with Dncp at the C-terminus as an invariant feature and a second Dncp in 
various positions along the peptide chain did not fail to produce adequate responses. The hampering effect is 
not due to a defect at the T-cell level but involves the recognition step on the B-cell. It is implied that the 
haptenic interaction with the paratope of the recognizing immunoglobulin on the B-cell involves the cell 
membrane in an important way. It  is also suggested that late antibody responses should not be overlooked 
during the development of proteinaceous immunogens for vaccination. 

Keywords: melittin immunogenicity; antigen recognition; membrane involvement; haptenic position; late IgG 
responses; cellular dynamics 

INTRODUCTION 

Although the relatively high immunogenicity of 
melittin and melittin-derived peptides observed in 
several species is not entirely understood [ I ]  this 
property is certainly an asset and may be used in the 
study and further elucidation of antibody-generating 
processes. Melittin possesses a remarkably strong B- 
cell epitope at its highly basic C-terminal end as 
demonstrated in rabbit [Z]  as well as murine 
immunizations (3, 41. However, in rabbits, the N- 
terminal chain and the middle segment serve as 
epitopes as well which means that there is almost a 
continuum of B-cell epitopes in this comparably 
small peptide immunogen [a]. Of interest is the 

Abbreviations: Dncp, 2.4-dinitro-6-carboxyphenyl; PBS. phosphate- 
buffered saline, 0.01 M, pH 7.4. 
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conclusion in the same report that the antibodies 
generated against the N-terminal moiety are in fact 
directed against the helical and not the linear form of 
the chain. 

Melittin peptides have also been used as haptenic 
carriers [l]. Good anti-haptenic IgG responses in 
guinea pigs were regularly obtained when a single 
Dncp-haptenic group was attached to the C-terminal 
end but we found poor responses with the same 
hapten at the N-terminus. A similar observation was 
made by King et aL [5, 61 who reported that a melittin 
analogue with a lactosyl group at its C-terminus gave 
good lactoside-specific murine antibody responses 
whereas a conjugate with N-terminal lactoside failed 
to produce anti-lactoside antibodies. This result 
excludes the possibility that the observations with 
Dncp are related to this hapten only and shows that 
such data may be obtainable with a variety of 
haptenic groups. We tentatively concluded that the 
hampering effect is not related to functions at the T- 
cell level because N-terminal substituents such as 
lauryl or caprylyl did not affect the anti-Dncp- 
responses of C-terminally monohaptenated peptides. 
Furthermore the anti-Dncp response of melittin 
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peptides with Dncp-groups at both ends was not 
impaired [ l l .  

In this paper we show that anti-peptidic in 
contrast to haptenic responses in N-terminally 
haptenated peptides are not impaired and therefore 
conflrm that T-cell function is not impaired. We 
further show that the hampering effect also occurs 
with haptens in other positions and that dynamic 
aspects have to be involved because the poor anti- 
haptenic responses do not remain so upon prolonged 
immunization. The data imply that the B-cell mem- 
brane is involved during interaction of the peptide 
conjugates with the membrane-bound specific im- 
munoglobulins engaged in the recognition step. 

MATERIALS AND METHODS 

Synthetic Peptides 
Solid-phase peptide synthesis according to the 
Fmoc/tert-butyl strategy followed essentially the 
lines described previously [ 11. The Dncp haptenic 
group was introduced in all conjugates by using 
Fmoc-Lys(t-butyl-Dncp)-OH (structure A) as a build- 
ing block. DMF was the reaction solvent and a p 
alkoxybenzylalcohol resin carrying Fmoc-Gly as the 
first C-terminal amino acid was used in all prepara- 
tions. Resin and amino acid derivatives were ob- 
tained from Bachem, Bubendorf (Switzerland). 
Couplings were done with TBTU in the presence of 
diisopropylethylamine. Cleavage of the conjugate 
from the resin was achieved by treatment of the 
resin (0.2-1 gl overnight with 2.5 ml thioanisol, 
2.5 ml H20, 2.5 g phenol and 40 ml P A .  Purification 
was performed by Sephadex G-25 gel filtration and 
on a preparative Nucleosil C-18 HPLC reversed- 
phase column. The h a l  products were characterized 
by amino acid analysis and electrospray mass 
spectrometry (Table 1). 

Fmoc-Lys(t-butyl-Dncp)-OH (structure A) 

To 4.3 mmol Fmoc-Lys-OH in 15 ml CH2C12 triethy- 
lamine was added until the pH reached 9.0, followed 
by 1.3 g (4.3 mmol) t-butyl-Dncp-C1 I71 in CH2C12. 
After 4 h stirring at ambient temperature the solvent 
was evaporated and small volumes of CH2C12 were 
added four times and evaporated each time. The 
residual oil was taken up in CHC13/MeOH, 9 : 1, and 
chromatographed with this solvent on a 150 g silica 
gel 60 column (5 x 21 cm, particle size 0.063- 
0.2 mm, Merck. Darmstadt). The product peak was 
identifled by TLC and the relevant fractions were 

pooled, evaporated and lyophilized after addition of 
H20. Yield: 1.97 g, 72%. TLC (CHC13 : MeOH, 9 : 1) RF 
0.29, homogeneous; TLC (dioxane : H20. 9 : 1) RF 
0.88, homogeneous. Detection of spots on the silica 
gel plates IF 254, 0.25 mm, Merck, Darmstadt) was 
by W at 354nm and visual inspection. ‘H-NMR 
(360 MHz, CDC13): 6 9.42 (s br, lH ,  H02C(12’)); 8.80 
(d, J=2 .7  Hz, lH,  H-C(20)); 8.76 (d, J z 2 . 5  Hz, lH, 
HwC(22)); 7.75 (d, J=7.5 Hz, 2H, H-C(2, 29; 7.58 (d, 
J= 7.4 Hz, 2H, H-C(5, 5’); 7.39 (t, J= 7.4 Hz, H-C(4, 
4‘); 7.30 (td, J=7.4 Hz, J= 1.1 Hz, 2H, H-C(3, 39; 
5.31 (d, J=8.2Hz, HN(11, 17); 4.41 (t, J=6.8Hz, 
2H, H2-C(8)); 4.21 (t, J=6.9 Hz, 1H. H-C(7)); 2.0- 
1.2 (m, 8H, H2-C(13, 14, 15, 16)); 1.6 (s, 9H, 
H&(27)). H-C(12) can not be seen in the spectrum 
because of an extremely large signal resulting from a 
chemical exchange due to a hindered rotation 
between C(10) and “11). 13C-NMR (200 MHz, 

(C(10)). 148.3 (C(18)); 143.8+ 143.7 (C(6, 69); 141.4 
(2C, C(1, 1%; 135.4 (C(21)); 134.2 (C(19)). 131.2 
(C(22). 127.8-t 127.1 + 124.9-t 120.0 (8C, C(2, 2’, 3, 
3’, 4, 4‘. 5, 5’)); 126.8 (C(20)); 116.8 (C(23)). 84.4 
(C(26)); 67.2 (C(8)): 53.5 ((312)); 47.3 ((37)); 46.3 
(C(16)); 31.9 (C(15)); 29.3 (C(13)); 28.14 (C(27)); 22.5 
(C( 14)). 

Dncp-HSA is a human serum albumin conjugate 
with 14 Dncp groups per molecule as used before I l l .  

CDC13): 6 175.7 (C(12l)); 165.7 (C(24)); 156.1 

Structure A 

ELISA 

Polystyrene microtitre plates (Dynatech) were coated 
with N’-Dncp- diaminohexane and used as described 
before 11, 81. The detecting antibodies, goat anti- 
guinea pig IgG (H + L) alkaline phosphatase and goat 
anti-mouse IgG (H+L) alkaline phosphatase, were 
obtained from Jackson Immunoresearch Labora- 
tories, West Grove, PA. Titres are expressed as the 
highest reciprocal dilution (D) of the antisera giving 
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an absorbance of 1 .O after 30 min incubation with 4- 
nitrophenylphosphate (1 mg/ml in 0.05 M carbonate 
buffer - 1 mM MgC12, pH 9.8). 

lmmunodot Assay 

Peptides (5 mg/ml) were applied in small dots (1 p1 of 
peptide in TFUS-buffered saline, 0.05 M, pH 7.6) to 
nitrocellulose strips which are reacted with the 
antiserum to be assessed and finally incubated with 
the same detecting antibody conjugates as in ELISA. 
The strips were developed with Nitro Blue Tetrazo- 
lium and 5-Bromo-4-Chloro-3-Indolyl Phosphate 
(Sigma, Switzerland) as substrate. The procedure 
has been described in detail 191. The results are 
expressed as relative optical density measured den- 
sitometrically on the spot and for reference on a spot 
treated with TRIS-buffered saline on the same strip. 

It should be noted that the Dncp-haptenated 
melittin peptides but not non-haptenated peptides 
are capable of binding to the nitrocellulose, showing 
that Dncp has some special attachment function 
which may reduce its accessibility. In line with this is 
the observation generally made, that anti-Dncp 
antibodies in contrast to anti-peptidic antibodies 
are only poorly measured in most anti-Dncp-melittin 
peptide antisera. In other words the immunodot 
assay measures essentially anti-peptidic and not 
anti-Dncp titres. 

Immunization of animals 

GOHI-guinea pigs (out-bred, female, 250 g) were 
obtained from BRL Ltd, Fullinsdorf, Switzerland, 
and immunized with Dncp-peptides as described 
previously [I]. Balb/c mice (female, 3-12 weeks old) 
were purchased from IFFA, Credo, Saint-Germain 
sur YArbresle, France, and immunized with assis- 
tance of the adjuvant TiterMax of CytRx, Norcross, 
Georgia (USA). The adjuvant essentially contains the 
block copolymer CRL 89-4 1, squalene as a metabo- 
lizable oil and a microparticle stabilizer. The peptides 
(2 nmol in 20 pl PBS) were emulsified with 20 p1 
adjuvant and injected subcutaneously at the base of 
the tail. Booster injections contained 2 nmol of 
peptide in 0.1 ml PBS and were given intraperitone- 
ally. Antisera were collected one week after a boost: 
however, not all animals received frequent boosts. In 
these cases several weeks may have elapsed between 
boost and bleedings as can be seen in the text. 
Antisera were stored in 20 pl portions in the deep- 
freeze until used. 

Characterization of the lmmunodot Assays 
Antisera against melittin conjugates carrying Dncp 
at either end or at both ends were tested with the 
same conjugates on the nitrocellulose strips. The 
series also included Dncp-HSA as a reference. It is 
evident from Figure 1 that the highest responses are 
obtained with the homologous antigens on the strip 
whereas interactions depending on Dncp as the 
common feature are weaker or poor such as the 
interaction of the anti-Dncp-HSA antiserum with 
dotted DM. 

Characterization of Murine Anti-Dncp lgG Responses 
Towards Dncp Terminally Attached to Melittin Pep- 
tides 

Immunization of Balb/c mice with MD, DMD and DM 
essentially confirmed the observations [ 11 previously 
made in guinea pig immunizations. The ELISA data 
summarized in Figure 2 show the regular responses 
with MD and DMD and the lack of early responses 
with DM. This lack of significant response did not 
persist in most animals however, and 8 or 11 weeks 
after priming the titres became comparable to those 
obtained with MD or DMD. It can also been seen that 
the anti-Dncp titres are comparable to those from the 
haptenated protein Dncp-HSA. 

I t  should be noted that animals in this series 
received only one boost after ten weeks which means 
that boosting is not absolutely necessary for the 
development of the late responses with DM. This is 

, DM ~ e n h m m i c e  
immunized with: 

Figure 1 Immunodot assay. Relative O.D. as quantitative 
measurement for the amount of anti-peptidic and anti-Dncp 
response in mice immunized with MD, DMD, DM and Dncp- 
HSA The bars represent mean values from four or five 
antisera collected six weeks after priming. 
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Log D 
mico immunited with MD 6 T  mice immunized with DMD 

5 5 

4 4 

3 3 

2 2 

1 1 

0 0 
6 6 11 6 6 11 6 8 11 6 8 11 6 6 1 1  6 8 1 1  6 8 1 1  6 6 1 1  6 8 1 1  

mice immunized with DncpHSA mice Immunized with DM 

5 5 

4 4 

3 3 

2 2 

1 1 

0 0 
8 8 11 6 8 11 6 8 11 6 8 11 

Weeks Weeks 

Figure 2 ELISA anti-Dncp titres of mice, after immunization with MD, DMD, DM and Dncp-HSA. Each group of columns 
represents the response of a single animal. The circles mean that the serum titres are 5 2. 

clearly shown by the third animal in the group 
immunized with DM as it began to show a measur- 
able titre before the boost, namely in the eighth week. 

Antibodies against Melittin Peptides with Dncp in 
Various Positions 

The peptide conjugates used as immunogens in 
murine immunizations in this series were synthe- 
sized by replacing positions 3 (Gly), 7 (Val), 1 1 (Thr), 
15 (Ala), 19 (Phe, Trp) and 23 (Lys) by Lys(Dncp) as 
listed in Table 1. The ELISA data are summarized in 
Figure 3. I t  is evident that M-3D and M-7D fail to 
immunize during the early stages but produce good 
responses later, comparable to the results of DM of 
Figure 2. The results of M-7D are particularly 
pronounced since responses are seen only after 1 1  
weeks while two of five animals remained negative. 
Starting with M-1 1D and up to M-23D the responses 
became good with some late responding animals 
showing good titres only after six weeks. THe M-3D. 
M-7D and M- 11D primed mice received a single boost 
after ten weeks. Again as with DM of Figure 2 some 
M-3D primed animals began to develop good titres 
before the boost. The M-15D. M-19D and M-23D 
primed mice received boosts after five and nine 
weeks. 

Selected antisera from this series were assessed in 
the immunodot assay. Figure 4 shows the titres 
obtained from homologous interactions of antisera 
eight weeks (M-3D, M-7D. M-l1D) and six weeks (M- 
15D, M-19D. M-231)) after priming with the immu- 
nizing peptides dotted on the strips. Well-measurable 
titres are obtained in all cases although the ELISA 
titres at that stage were still negative. This result 
c o n f i i s  that the development of anti-Dncp titres, 
but not at the same time the development of anti- 
peptidic titres, is impaired which implies the non- 
involvement of an impairment at the T-cell level. 

Immunodot assays of selected guinea pig antisera 
gave a similar picture. Relatively good titres were 
seen with anti-DM antisera at a stage where poor 
anti-Dncp responses could be measured in ELISA 
(data not shown). 

Anti-Dncp lgG Responses Against Di-haptenated 
Melittin Peptides 

In a control series melittin peptides with Dncp in 
positions 3, 7, 1 1, 15 and 19 containing a second C-  
terminal Dncp (Table 1) were subjected to murine 
immunogenicity testing. Figure 5 shows that good 
anti-Dncp ELISA titres had already been obtained 
four weeks after priming. The animals received 
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Figure 3 ELISA anti-Dncp titres of mice, after immunization with M-3D. M-7D, M-11D, M-15D. M-19D and M-23D. Each 
group of columns represents the response of a single animal. The circles mean that the serum titres are 5 2. 

boosts after five and nine weeks, in the case of anti- 
MD-11D animals after five and seven weeks. I t  is 
clear that the C-terminal Dncp obviates all recogni- 
tion problems of Dncp groups positioned at or near 
the N-terminal end of melittin peptides. 

DISCUSSION 

Fundamental studies on peptide immunogenicity 
may bring parameters into focus which cannot easily 
be observed with large proteinaceous antigens 
although they may play their role irrespective of size. 
A remarkable aspect in our opinion is the earlier 

finding 121 that rabbit antibody recognizes the N- 
terminal chain of melittin in the helical form. Melittin 
is known to assume a helical conformation with two 
helices bent by 60" relative to each other and 
separated by Pro of position 14 only in hydrophobic 
solvents or under conditions mimicking membrane 
environments whereas in aqueous media it exhibits 
essentially a random coil [ 10-121. I t  is therefore 
implied that the helix-specific antibody production 
could only have been initiated after interaction of the 
cell-bound recognizing immunoglobulin with the 
melittin peptide in close contact with the membrane. 
This obviates the picture of an antigen recognition 
step which is based solely on B-cell-bound immu- 
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Figure 4 Immunodot assay. Relative O.D. as quantitative 
measurement for the amount of mainly anti-peptidic IgC 
responses in mice immunized with M-3D, M-7D. M-l1D. M- 
15D. M-1QD and M-23D. The sera were tested against the 
autologous peptide dotted on nitrocellulose. The bars 
represent mean values from five antisera collected eight or 
six weeks after priming (cf. text). The ranges were usually 
f 20%. 

noglobulin sticking out into the aqueous surround- 
ing phase and interacting by its paratope with 
antigenic epitopes entirely within the aqueous phase. 

If we accept the membrane involvement during the 
recognition step our findings regarding the poor or 
more precisely late anti-hapten responses with N- 
terminally monohaptenated melittin peptides readily 
finds an interpretation. We take it that the Dncp- 
haptens on the N-terminal a-helix are in rather well- 
fixed inflexible positions. This is in contrast to the C- 
terminal Dncp-group which resides on a flexible 

4 3 1 0  4 3 1 0  4 5 1 0  4 3 1 0  4 5 1 0  

mice immunized with MD-7D 6 T  

4 5 10 4 5 10 4 5 10 
rll 

mke immunized with MD-1lD 6 T  
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chain of high polarity which will keep it well within 
the aqueous layer and thus extended. Recognizing 
immunoglobulins which can bind Dncp are no doubt 
abundant. I t  should be noted in this connection that 
the parotopes of probably all antibodies are quite 
large and capable of accommodating up to 22 amino 
acid residues according to the crvstal structure of 

6 8  

v 
4 5 1 0  4 3 1 0  4 5 1 0  4 3 1 0  4 3 1 0  complexes obtained at medium resolution [ 13- 151. 

There must thus exist a considerable number of 
possibly very diverse antibodies with regard to their mice immunized with MD-1SD 
overall specificity but with the common feature of 
strongly binding the small Dncp moiety somewhere 
within the paratope area. The well-known experience 
that polyhaptenated Dncp-proteins or in fact most 

Figure 5 ELISA anti-Dncp titres of mice, after immunization 
with MD-3D. MD-7D. MD-11D, MD-15D and MD-1QD. 
Each group of columns represents the response of a single 
animal. 
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other haptenated proteins almost never fail to mount 
an anti- hapten antibody response corroborates this 
concept. (For a recently found apparent exception see 
[IS].) 

Flexibly attached C-terminal Dncp-groups have 
no dimculty in finding their attachment position 
within a paratope and thus do not fail to initiate an 
anti-Dncp antibody response under appropriate 
conditions as demonstrated earlier [l] as well as in 
the present context. Helix-attached haptenic groups 
are configurationally restricted and cannot interact 
with all potentially capable paratopes. This means 
that a smaller number of B-cell-bound antibodies 
with the potential of binding Dncp structures can 
come into play and start the immunogenic processes. 
However, at later stages the initial small number of 
committed B cells becomes unimportant as the clone 
continues to grow, while clones in other animals that 
have had a better start, i.e. more committed cells to 
begin with, have already reached a plateau. We thus 
explain why N-terminally haptenated peptides (posi- 
tions 1, 3 and 7) generate late anti-haptenic 
responses, reaching in due course, however, the level 
of the more rapid normal responses as shown in 
Figures 2 and 3. 

What remains to be explained is the finding that 
the impaired responses are less pronounced and less 
frequently found when the Dncp group is in positions 
11, 15. 19 and 23. Of course it can be invoked that 
the helix towards the C-terminus is shorter and 
steric restriction therefore less pronounced. Further- 
more, positions 1 1 or 15 are in a region where the 
helical conformation may be less stable and may be 
in equilibrium with a considerable proportion of non- 
fixed structure. I t  could also be argued that only the 
N-terminal peptide moiety is h l y  in contact with 
the membrane whereas a considerable portion of the 
middle section adjacent to the polar C-terminal chain 
remains more in the aqueous layer, thus keeping 
some of its flexibility. 

The lack of lactoside-specific murine antibody 
response after immunization with melittin containing 
N-terminal lactoside was attributed by King et aL [6] 
to the positioning of melittin within the cell mem- 
brane. The peptide is assumed to be in a position 
perpendicular to the lipid bilayer with the C-terminal 
chain being in contact with the surface and its 
ionized molecules. The lactoside would thus be 
buried and inaccessible. While we do not entirely 
dismiss this notion, we would expect more difficulties 
in explaining on this basis our late responses (which 
King et aL have not described) in terms of quantita- 
tive cellular dynamics. 

What is to be emphasized is that King’s group as 
well as our laboratory very definitely assume the 
involvement of the B-cell membrane during the 
initiating steps of immunization. This connects the 
present studies to the work of Schwyzer 117-191 
which addresses the problem of optimal interaction 
between hormone-ligand and its receptor and implies 
that the target cell membrane will mediate or catalyse 
these interactions. Membrane interactions were 
shown to provide a basis for quantitative predictions 
of pharmacological potencies. 

The case of melittin seems somewhat complicated 
by the fact that it exhibits primary and secondary 
amphiphilicity [17], i.e. the molecules may assume 
not only orientations perpendicular to the cell sur- 
face as they certainly do when aggregated into pore- 
forming bundles that also parallel orientations based 
on secondary amphiphilicity [ 1 1, 201. Since we found 
rabbit antibodies against the N-terminal melittin 
helix [2] we might consider a parallel surface posi- 
tion. In order to assess the point definitely we should 
probably also know the potential and actual dis- 
tributions of the paratopic areas of the recognizing 
immunoglobulin within the different layers of the B- 
cell membrane. Furthermore we should take into 
account the surface-active, membrane-disrupting 
properties of melittin (20, 211 although these effects 
could be slight because comparatively low concen- 
trations of the antigenic peptides are expected during 
recognition. 

From a practical point of view the detection of 
configurationally restricted interactions between 
hapten and paratope leading to late responses is of 
interest since it is conceivable that similar situations 
may arise with proteinaceous immunogens involving 
peptidic epitopes. Late responses in vaccination may 
be valuable and show properties such as direct 
pathogen neutralization. In epitope analysis weak 
responses should therefore be followed further by 
prolonged immunization. This is not common prac- 
tice at present. 
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